Refrigeration apparatus This invention relates to refrigeration apparatus.
It has particular, but not exclusive, application to refrigeration
appar at uswpapiumeiozn st orage and transport of vacci nes, PCOGEB2010/051128r
perishable itens in the absence of a reljiable supply of electricity. One of
t he greatest problens facing the distriﬂﬂtors of vaccines in underdevel oped
countries is that their viability can be destroyed by storage at inproper
tenperatures. In general, a vaccine nust be stored between +20Cand +80C.
This is an especially difficult problem because, in nmany regions, this
tenperature nust be maintained in the absence of a reliable (and
potentially of any) supply of electricity to run a refrigerator, and this
results in an unacceptably high proportion of all vacci nes being
ineffective by the tinme they reach their intended target. Simlar problens
arise with the storage of food in such circunstances. It is natural that
refrigerators that rely upon alternative sources of energy have been
sought, and photovoltai c generation of electricity fromsunlight has been
seen as the nost promsing. Aproblemwth any device that relies upon the
sun as a source of energy is thefrigegaldenappagatwsavail abl e during ni ght
time. Conventionally, solarpowered refrigeration apparatus is provided with
a rechargeabl e battery that is charged during daylight and which runs the
apparatus at night. However, it is well known that the life of rechargeable
batteries is dimnished by exposure to high tenperature. Failure of the
battery can occur with little warning, neaning that therefrigerator can
stop working resulting in spoiled contents. The life of the battery is
typically much | ess than other conponents of a refrigerator: typically no
nore than five years for the battery, whereas the refrigerator as a whole
may |ast twenty. In view of these problens, the Wrld Health O ganisation
(WHO) - tHus shaiogatelaias tneafrigerationapparaitsalt Bas particadas, hut pet exqesise.or s
- how enca% rh%gﬁ8nttg.ereﬂﬁﬁe%rgﬁoﬁaatp&)ﬁwtjugsfgr ?1913% srt&fargla%?lrda{r%{ﬁpdﬁ O‘Pﬁ%&h@g‘} Ion
chain for*vaccines in ure.

food or other perishable items in the absence of a reliable supply of electricity.

10 One of the greatest problems facing the distributors of vaccines in underdeveloped
countries is that their viability can be destroyed by storage at improper
temperatures. In general, a vaccine must be stored between +2°C and +8°C. This is
an especially difficult problem because, in many regions, this temperature must be
maintained in the absence of a reliable (and potentially of any) supply of electricity

15 to run a refrigerator, and this results in an unacceptably high proportion of all
vaccines being ineffective by the time they reach their intended target. Similar

problems arise with the storage of food in such circumstances.

It is natural that refrigerators that rely upon alternative sources of energy have been
sought, and photovoltaic generation of electricity from sunlight has been seen as the
20 most promising. A problem with any device that relies upon the sun as a source of
energy is that the source is unavailable during night time. Conventionally, solar-
powered refrigeration apparatus is provided with a rechargeable battery that is
charged during daylight and which runs the apparatus at night. However, it is well
known that the life of rechargeable batteries is diminished by exposure to high

25 temperature. Failure of the battery can occur with little warning, meaning that the



One approach to neeting this requirenent is to include a cold reservoir
within the refrigerator, separated froma payl oad space of the refrigerator
by a t herwal2otiznorieer. The cold reservoir is a thermal mRe3/GH2A10/05812800] ed
to a low tenperature (perhaps as |ow as 300C) while solar power is

avai |l abl e. When power becones unavail abl®e, the reservoir can absorb heat
fromthe payl oad space. An |jnportant djsadvantage of this_ arrangenent |s
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dest r uct ifove yeareforithg battoryg herewssihe oy frigeraliofiag iasihé1b enasalasetvadntgone f ood,
such as fresh vegetabl es, or cause bottles that contain water to burst. An
aimof this invention is to provide refrigeration apparatus that can
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cont ai ner, within ich jtens canéﬁe &llﬁa,ced for tenperature-controlled
storage; Ratiengernselpt refEigeraters natatr sitionghain foryrcemes i flaye-oad cont ai ner
Is | ocated, the reservoir containing water that at |east partially imerses
t he payl oad contai ner and extends into a headspace that is higher than the
payl oad domé¢ apparachaldmeeidhg bhisnegoiretiteat i< ao itdode wadodd regerhoin vikkein the
headspace. .As is well kn , water. has its Xi mym density 40C. )

Ther ef or detHRETROTeFeRARA wﬁ@aﬂgaﬁeégisga%e ¥ ﬁ%raéorzﬂ@c:d%@@n@eb@ﬂey

wi Il incrgasesl btk o thbRELEERKE th AN [ 1 hg—,-ﬁe ¥ t he
reservoir. Sl&?lgg@t egg\g%/la(}a cgnﬁgsﬁérﬁwglcpelgg(}g? tgl%\%p gtgﬂfrequ% }gdﬁsgjrsound

that o0 tlbw sswgzosSGhavhily seddrepowert isvdvailablen Whengradgerd@Comalsiuntavasalan, theeal

tenperature for stora f vaccines and ymany other itens.,. T ayl oad. .
cont ai nerteSeveUARARSHTh Peah P themay adiiage HRmpartinh sl Al thise of

i ts cont efptgndeherftiis ithst #8% WsthicArABRhAT thRV MR nifc@8%ire 3f PRE Phyload within
the required temperature range. This type of apparatus presents a particular risk of
overcooling vaccine: freezing can result in its immediate destruction. Freezing can

15 also destroy or diminish the value of some food, such as fresh vegetables, or cause

bottles that contain water to burst.

An aim of this invention is to provide refrigeration apparatus that can operate on
solar power, yet which does not rely on batteries, and which minimises the risk to

vaccine or other contents contained within it.

20 To this end, this invention provides a refrigerator having: a payload container within
which items can be placed for temperature-controlled storage; a thermally-insulated
reservoir within which the payload container is located, the reservoir containing
water that at least partially immerses the payload container and extends into a
headspace that is higher than the payload container; and cooling means that can

25 cool water within the headspace.

As is well known, water has its maximum density at 4°C. Therefore, as water in the
headspace is cooled towards 4°C, its density will increase, and it will therefore tend

to sink towards the bottom of the reservoir. Since the payload container will adopt a



The cooling nmeans may include a refrigeration unit that can cool water
within the headspace, and a power supply unit that can act as a source of
power forwOhelwvmfrszgerati on unit. The power supply nost PCYgiB2al00s1i28c| udes
means, such as photovoltaic cells, for c5onverti ng sunlight into electrical
power. |n typical enbodinents, the refrigeration unit includes an

el ectrically-powered conpressor. However, refrigeration units using other
ref ri ger dETSTABER 36|05 @ropngHihap of (he surrpuning yerer, b vdlldendtewprds 4°C,
efficien ; [ . SUIC | h ogy
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m ni m se pdydoad skntainer e sgarhtridfrepade feftigerationlardt,tso dvotdihgwharisk of its
tenperature, a refrjgerator having a refrigeration unit may further

conpri se cgn&@%&?raflgwg %) droppEstawards fesERgmBAt- of ice in the reservoir.
The sensor may be operative to cause operation of the refrigeration unit to
be interrupted upon detection of the formation of ice. In alternative
enbodi Srerflse obolirpe nisavie nhap inclue acedtigngtionansit ithall cwdesod whier vethineide
that, for use, is at, a tenperatuye belaow a target tenperature of tpe
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wi thin the cooling neans can cool the refrigerator to its working
tenperature better or nore quickly than can the refrigeration unit al one.
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©used o increase the electrical efficiency of the refrigerator. One example of such
alternative technology is a Stirling cooler, which may be operated in solar direct drive

mode.

To minimise the risk of the payload space being cooled to too low a temperature, a
15 refrigerator having a refrigeration unit may further comprise a sensor disposed to
detect the formation of ice in the reservoir. The sensor may be operative to cause
operation of the refrigeration unit to be interrupted upon detection of the formation

of ice.

In alternative embodiments of the invention, the cooling means includes a thermal
20 mass that, for use, is at a temperature below a target temperature of the payload
space. This can provide a refrigerator that is simple in construction and that has no
moving parts in operation. For example, the thermal mass may be a body of water
ice. Such an arrangement may be used on its own or in combination with a
refrigeration unit. This combination within the cooling means can cool the
25 refrigerator to its working temperature better or more quickly than can the

refrigeration unit alone.

Such embodiments may include a compartment for receiving the thermal mass in

thermal communication with water in the headspace. For example, the



be imMersed in water within the headspace. In this latter case, the thernmal
mass may be an ice pack. The payl oad space may be contained within the
cool i ng regi2on/00FEe exanple, it may be submerged w t hi nPCR&GBR20WVGSARIT egi on.
This all ows maxi mal heat transfer between the payl oad space and the water.
Al ternatively, the cooling region may be contained within the payl oad
space. It may include one qor nore water-carrying passages that extend

t hrough t9eEnpEVINSEHMAYRGsultable rgpgeiwing iget ddterpaiyely, thetharmal massplay
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in use, dnnebtlay iedpyek.t he payl oad container. In such enbodinents, the

payl oad contai ner typically has an opening and a cl osure such as a door on
one side of the payload container. Alternatively, the headspace may be
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the. payi o Haread SRRy ES RniiRaRatiatRe 08k AL Ckion, FreRanI IR, o
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include a freezer co rtnment. Typicall he freezer.conpartnent. is in
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unit. 1(?]'hil%gﬁ;§}g ettéé'ﬁﬁe@vﬁtéﬁn&}p@é%és.t o a significantly lower tenperature
e water. "The

than t reezer conpartnent may have an opening that is closed
by an insul ated door. The insulated door may or may not al so close the

The headspace may be located, in use, directly above the payload container. In such
embodiments, the payload container typically has an opening and a closure such as a
door on one side of the payload container. Alternatively, the headspace may be
located, in use, to one side of the payload container. In such embodiments, the
15 payload container typically has an opening and a closure such as a door on the top of

the payload container.

Most typically, a payload space within the payload container is in close thermal
communication with the water in the reservoir. This ensures that the payload is
maintained at a temperature approximately that of the water. The reservoir is most
20 preferably insulated to minimise transfer of heat between water within the reservoir

and surroundings of the refrigerator.

Embodiments of the invention may further include a freezer compartment.
Typically, the freezer compartment is in close thermal communication with a cooling
element of the refrigeration unit. This ensures that it is cooled to a significantly
25 lower temperature than the water. The freezer compartment may have an opening
that is closed by an insulated door. The insulated door may or may not also close the

payload container.



payl oad cont ai ner. An advant ageous form of construction of enbodi ments of
the invention nay have an outer case within which is contained a
wat er - corweaiznivig7ieener. The |iner may be forned of fl exiPOIT&GR2DESITR9

material. In these enbodi nents, the out &r case typically provides
structural strength and thermal insulation for the refrigerator.
Enbodi nents of the invention will now he described in detail, by way of

exanpl e, Ahadvantageaisdosmc! ogstietian o6 spmodimgnts ehdhsdaventipimiayhaveiagur e
i is agr i f r i -~ t A 3
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enboFIi ngrtbrméd}dfqlémﬁvlerplhagn ni%itgtiaileshﬁt}(;md eSnIEa;bda'nierrmm]Eth@rr]tmt_si‘ daseviypicallyf a
top-loading refrigerator, being a .secopd epbodi t of the invention;

Fi gure 6 BIoVidesspaciyralstgen hahheTga mgﬂ%?mﬁ%gghwfrlgamOlf-reezer, bei ng
a third enbodi mrent of the invention; Figure 7 is a side view of a
top-loading refrigerator and freezer, being a fourth enbodi nent of the

i nvent’ orEmbbgdiment8 ofsthe inctetiod iwillsent ibendestribed iifi tdetgilidndivagraf exhinipie,
invention; and Figure 9 is a graph show ng,changes.in tenperature within a
payl oad withreieRsiodPRakOBPARRRE BRSO Wfﬂilcaures 10 and 11 are
sectional views of a front-loading refrigerator being a sixth enbodi nent of
the invention; Figures 12 and 13 are sectional views of a top-loading

ref ri ger éfiguredeisrggraphef ehe Gersibooki waset agdinshemperanirepn; Figure 14 is a
sectional view of an eighth enbodi nent of the invention; and Figures 15a to
15c are orthographic views of a watertight liner for use with an enbodi nent

of the i %gﬁfésﬁfaﬁgﬁggeéﬁt fr8fc Rhd SRfe AERLr TBPEnt_Rlalifity HEABe MRS, Bhidd'$ first

wel | - known®ano
embodiment of the invention;

10  Figures 4 and 5 are front and side views of a top-loading refrigerator, being a second

embodiment of the invention;

Figure 6 is a side view of a front-loading refrigerator and freezer, being a third

embodiment of the invention;

Figure 7 is a side view of a top-loading refrigerator and freezer, being a fourth

15 embodiment of the invention;
Figure 8 is a schematic section of a fifth embodiment of the invention; and

Figure 9 is a graph showing changes in temperature within a payload space of an

embodiment of the invention;

Figures 10 and 11 are sectional views of a front-loading refrigerator being a sixth

20 embodiment of the invention;

Figures 12 and 13 are sectional views of a top-loading refrigerator being a seventh

embodiment of the invention;



properties of water: nanely, that its density is maxi num at approxi mately
40C, as shown in Figure 1. This neans that a tank of water that is cool ed
cl ose to wo=0t1p71621 | form a tenperature gradi ent, wher @F/GHre10/81 2P
towards the bottom of the tank will approach 40C. The tenperature at the
bottom of the tank will not fall below tthis value unless the greater part
of the water in the tank becones frozen. Wth reference to Figures 2 and 3,
a ref ri gdfigues 1psianggclonal gewahigndighthrenabodinent of she Iygnion; apdw be

descri bed. The enbodi ment conprises a casing 10, which is, in this

enbodi nent, shaped generally as an upright cuboid. The casing 10 is

const ructiguted Dfa &o rigeedreoorthbfriphic Miaes of coMaemnizhe drufee @de watleran
within an internal space 12., For instance, the casing 10 nay be forned as a
one- pi ecEMBREMBT AL theINVENHENof pl astic material. Insulating material 14
is carried on outer surfaces of the casing 10 to m nim se flow of heat
through the casing to or fromthe water contained within it. The water

| argel y fpératibhe of nther saibosli@est hzliebuipen sordd lof vileumeelFRiowa hedinalous
unfilled to allow for expansion, A payload space 20 is formed within the
casi ng® 1PTOPREIGS9 wakers pamelnghat its glensyy igmaximym g anpaprynaghos dalashox
22 that w6 age: i . L he
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t he rangdooh HtemperhOfrel gradient, Wherebyhthe vearbotiwards she bottoapeftila task will
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cont ai ned i fhfisd Hife SR8t PatOor HRSALPIPARANK BEESEL flobiencubol dal box 22

have no insulation so at ‘they are 1n thermal conmunication with the
surrounding water in a cooling region of the reservoir. The box 22 may

5" o Sposbirhr xteisee Torbenii b paaceBIEGRIE RS ohi w0 gpent e’
;Bglr g\greir g?if@ﬁﬁéwag%%@ﬁﬁ?ﬁgﬁgahngfﬁgsgzs8]; f ggg S?Sit Rg |t (I’)lt ernal space
12.
The embodiment comprises a casing 10, which is, in this embodiment, shaped
generally as an upright cuboid. The casing 10 is constructed to be a reservoir that, in
use, contains a volume of water within an internal space 12. For instance, the casing
15 10 may be formed as a one-piece rotational moulding of plastic material. Insulating
material 14 is carried on outer surfaces of the casing 10 to minimise flow of heat
through the casing to or from the water contained within it. The water largely fills

the internal space 12, but a small volume may be left unfilled to allow for expansion.

A payload space 20 is formed within the casing 10. The payload space 20 is located
20 within a generally cuboidal box 22 that has one open face that opens horizontally to
the exterior of the casing. The typical volume of the payload space in embodiments
may be in the range of 50 to 100 litres, but other embodiments, for specialist
purposes, may have greater or lesser capacities. The other faces are located within
the casing 10 and are submerged under the water that is contained within the casing
25 10. The submerged faces of the cuboidal box 22 have no insulation so that they are
in thermal communication with the surrounding water in a cooling region of the
reservoir. The box 22 may optionally be integrally formed with the casing 10. When

the refrigerator is disposed for use, the payload space 20 extends from close to the



A door 24 is nounted on the casing 10. The door 24 can be opened to gain
access to the payl oad space 20 through the open face. Insulating materi al

i s carri edoandezicdoor 24 so that, when it is closed, i ®PCRIGHB20i0@E5$120he
anount of heat that can be transferred through it into or out of the

payl oad space 20. A refrigeration unit 30 is carried on a top surface of
the casing 10. In this epbodinent, the refrjigeration unit is ,a conventional
el ect ri cdPwernpsleswdacerak e Bsrna Fpage w12 ofidier easingyte apPepriptely bof may a

cooling ¢ W@Hﬁﬁ#@@ﬁg%@}ggﬁ%@%ﬁ{@%g@%g%. space 12 of the casing 10

and i s subnerge ol'l enent 32 is located in a
water-filled headspace above the box 22 such that it is spaced fromthe box
22 by a layer of water and |jkew se spaced_ fromthe uppernpst surface of
the int erhdPoEpademountehopdhagasipgiy,; kheedoaira4 ettt he PBeNehIQ 220 asaSSHAve a
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el ememd . ddve 24 &opthabewbeéniis iel deded, damhinimides edicesimbant ofithreat thhiecan be
refrigeration unit 30, gs, wll be ?g:cri ed below. The refrigerator has an
ext er nal [pwEerTed shrapghdt ide @rond of Ehs pydead spreAN-t 30. The power supply
can operate froma supply of mains voltage (derived froma power grid or
froma |l ocal generator) in the absence of bright sunlight. The power supply
can al so Adpefrdgerationmuphogovisl tairtedpanebhstoprsarfaby dfhéhe efsingerat i bn thisi t

condi 11 orsnbesiBie bhe PiARERR B rarorom T oh el o B
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spaced from the box 22 by a layer of water and likewise spaced from the uppermost
surface of the internal space 12. (Alternatively, the refrigeration unit 30 may have a
wrap-around evaporator that surrounds the headspace.) An optional ice probe 36 is
15 located within the casing 10 above the box 22 but below the cooling element. The ice
probe 36 is electrically connected to control the refrigeration unit 30, as will be

described below.

The refrigerator has an external power supply to feed the refrigeration unit 30. The
power supply can operate from a supply of mains voltage (derived from a power grid
20 or from a local generator) in the absence of bright sunlight. The power supply can
also operate from photovoltaic panels, whereby the refrigeration unit 30 can be run

without the need of a mains supply during sunny daytime conditions.
Operation of the refrigerator will now be described.

When the refrigerator is first started, it can be assumed that all of the water is at or
25 around the ambient temperature. The refrigeration unit 30 is run to cause its
refrigeration element 32 to cool to a temperature that is typically well below the
freezing point of water — for example, as low as -30°C. This, in turn, causes water in

the immediate surroundings of the cooling element to cool. As the water cools, its



the i medi ate surroundings of the cooling element to cool. As the water
cools, itsdensity increases. This sets up an effect, whereby the cool ed

wat er si ke 20n/tohs2casi ng 10, so di splaci ng war mer wat ePCibaiB2010/0Fhi28 war ner
water rises, and is, in turn, cooled. The average tenperature of all of the
water within the casing 10 falls. However, once the tenperature of the

wat er surroundi hg the cogling elenent 32 approaches 40C, the rate of the
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This acts as a sin a large_anount of energy t I's absorbed by t he
wat er 15 t Hteeyloowdidpingecan be allowed to grow in any particular embodiment without

potentially harming a payload can be determined by experimentation.

Once the refrigeration unit 30 stops, assuming that ambient temperature is higher
than the temperature of the water, energy will pass through the walls of the casing 10
into the water, which will start to warm. In the reverse of the cooling process, water
20 in the lower part of the casing 10 will tend to stay around 4°C while the ice melts.
Following complete melting, the water will continue to warm, but water above 4°C
will tend to rise to the top of the casing 10. Thus, the payload space 20 will be
maintained at or around 4°C for as long as possible. As is well-known, a large
amount of energy is required to melt ice — the latent heat of fusion. This acts as a
25 sink of a large amount of energy that is absorbed by the water, the payload space
being maintained at a substantially constant temperature during the time that the ice
melts. The payload of the refrigerator is therefore maintained at around 4°C, which

is an ideal temperature for storage of vaccine and of food and drink.

Figures 4 and 5 show a second embodiment of the invention: this has essentially the
30 same components as the first embodiment. However, their layout is somewhat

different. In the following description, components of the second embodiment will



bei ng mai ntained at a substantially constant tenperature during the tinme
that the ice nelts. The payload of the refrigerator is therefore nmaintained
at aroundwoQQ@/oahiseh is an ideal tenperature for storag@CofGBavdisneand of
food and drink. Figures 4 and 5 show a second enbodi nent of the invention:
this has essentially the sane conponents as the first enbodi nent. However,
their layout, is somewhat different. In the follow ng description,
conponenthe given refesencerdsanilsdiare ApO\@reatss thaw e earesnonding compongats of e

100 greaty respondi ng conponents of the first enbodinent. In
t he seconggfﬁg[gﬁ}lw&n%}{the casing n o is conparatively squatter in shape

than that of the first enbodi nent. The opening of the box 122 faces
upwards, and the door 124 opens upwards. \Water surrounds the box on all

si des butInfidhe sesand gmbedimany, the @&ﬁl%él@ At EPMRRrapEbe squatterydy shanegthan
addi tion n i r
chanber 158t O P08 RS ARBRh o he dienflly b B Bl A28 ol HBRMRIE M the
box 122 abmreidsfrepenkiupwands. Hwadapaoeowonds the ot anljeébeﬂﬂtestlmttm ttheotopl24.

A passage 162 interconnects the supp] e ary ¢ 0 and the

addi t i onPeRHRE,HEt ]irift he paterpalspass 1&%@%& %“h%fr IHPP %ﬁ%ee@ djpgerydeone
between thgmr A 1 2%9”&9% é}%ﬁfﬁaﬁf&%ﬁﬂ e P AGRY ¢ o?_@ s RAFS2E 10t d
within the Tnterna space g’ refrigeration’unit 's® Carri ed on an

upper surdraaa wpperh wlsfamqo bé ke thaxy1zhabbes thé Quddmmﬂalahemispamg veluenerindl132

extending firomit t he suppl enentary, chanber 160. This enbodi
oper at es T 0 1t (€ ok dS 4o ok PSREC BBy BN BHCts i SURDIEBEIGNATERPET he

suppl eaeniear Xn@ fﬂﬁ@*&%ﬁl & lfNeCoft iEﬁet b &l dpaSPREL tHét%lldW@ Wabert ’Jbe}%as_s

passage 162. As before e wat er t Is densest - that at round 4
si nks i nthetwhen itherar rh 1@3&@501]13&19 looed atgmcbok td B pasbagha6p ayithiadthe

within it. The third enbodl ment, shown in Figure 6 corresponds closely to
t he firstinternal space 112

A refrigeration unit 130 is carried on an upper surface of the supplementary chamber
160, with a cooling element 132 extending from it into the supplementary chamber
15 160.

This embodiment operates substantially as described above. Water that is cooled
within the supplementary chamber passes into the internal space 112 through the
passage 162. As before, the water that is densest — that at round 4°C — sinks into the

internal space 112 to cool the box 122 and the payload within it.

20 The third embodiment, shown in Figure 6 corresponds closely to the first
embodiment of Figures 2 and 3, while the fourth embodiment of Figure 7
corresponds closely to the second embodiment of Figures 4 and 5. Therefore, only

the additional features present will be described.

The third and fourth embodiments add the ability to maintain items in a frozen
25 condition to the first and second embodiments. The freezer compartment is in close
thermal contact with a cooling element, such that it is cooled to a temperature well

below that of the water.



enbodi nent of Figures 2 and 3, while the fourth enbodi nent of Figure 7
corresponds closely to the second enbodi nent of Figures 4 and 5. Therefore,
only the wodntvoonsk features present will be described. PChgGR2biVE1ER2Ad
fourth enbodi nents add the ability to nzbntain items in a frozen condition
to the first and second enbodi ments. The freezer conpartnent is in close

thermal contact with a cooling elenent, such that it is cooled to a .

t enper at Ubethgethird emhpdimentop frecaexgemparmentese is Myoedsddiaingas similaezer
conpart I ' e r L: d
space 2?,3&) gﬁﬁggtlénnﬁé&}{gﬁglsoag or Pg%h? {a{ﬁ]Slcl)lgﬁelﬁlf;lﬁglsd[tsh&la{iéltlg&g%ggé%ﬁgg%hggdoor
24. The fdlewdeby ¢chepkior ment The freeded caingshraineat sbyisdboamedtdieeqiBydlomd Srace,

in close proximty to, .or surroyunded by, the_cooling el enment 32 of t
refriger dﬁyg?ﬁirwqceam clpse Pwlmrtpho’éwapﬂ@‘%igy’t C@Bﬁﬁgﬁ IB?nttfi%Oﬁﬁl@ezer
conpar4 ma[%friéﬁgt'bﬁu%‘?tré&om al and above that of the payload space 120. In
the fourth e odl

ment ,”t'’he opening of the freezer conpartnment 150 is
hori zontal and beside that of the payl oad space 120. The freezer

conpartment 150 i s encl gsed wi.ithin the ppl enmentary chanber 16Q, in close
proxi mi t yinttge feurtilmmnla(efﬁmtbghe Qneaing el ﬂm’flr@fr@ﬁ@ﬂmpmn@m %&@blsqlorlzontal

refrigerat] i ' | : : has
an i nsul Zétﬂed(;{lb oorﬂlfggﬁg}héa?aﬁlghggggér%?ie&?%%l% E)gll{(}%gquﬁ)%?gﬁ g?ﬁ? hérégg{ﬂ%g’g
space 12GheTheezadooompaAndmags ia hooizontal taald lgsedd thoit off théeafload zpace 120.
conmpart t 150. Afifth enbodi nent, shown in.Figure 8 has somewhat,

di f f er ent TR&HTEEFeE COMYRTHPERT %%I%W%ayvghmeéﬁpﬁem%ﬁa%ﬁﬁw@sg1% ithe
sane Pyl e oxitutyt 1, or ARAHMTRAL by ! fife ESARIEY ClondRE! SetheARHRBRion
conpartment 210 nount ed above a payload container 220 to torm a headspace.
The reserudt n3ondinuthes efboslimanty the doredemeomparimegrg 130ZhasPdd inhdatedxd @rd
general |y daq rds, when in use, into.the | pad cont ai,per ,220. The first
Quct 214 6EAHAL R ERarHE THuhdlp Aohr 174 Bf (b phataSact 120 I ader'ise cl6ses

a horizontal opening of the freezer compartment 150.

A fifth embodiment, shown in Figure 8, has a somewhat different construction from

15 the previous embodiments, but operates on the same principles.

In this embodiment, the reservoir comprises an upper compartment 210 mounted
above a payload container 220 to form a headspace. The reservoir includes first and
second water ducts 212, 214 that extend generally downwards, when in use, into the
payload container 220. The first duct 214 opens into the headspace at or close to a
20 lowermost wall, while the second duct 214 extends upwards into water contained
within the headspace. Within the payload container 220, a manifold of several pipes
216 are connected to flow in parallel between the two ducts 212, 214. A refrigeration

unit is provided with cooling elements 232 that can cool water within the headspace.

As with the preceding embodiments, the densest water will tend to flow towards the
25 bottom of the reservoir — in this case, into the ducts 212, 214 and manifold 216
within the payload container 220, where heat can be exchanged between the water
within the reservoir and the contents of the payload container 220. A thermo-

siphon process becomes established that transfers heat away from the payload



| ower most wal |, while the second duct 214 extends upwards into water
contained within the headspace. Wthin the payl oad contai ner 220, a

mani f ol d Wb 208v@rwk pi pes 216 are connected to flow i n paTraiB2elo/dset2deen t he
two ducts 212, 214. A refrigeration unii is provided with cooling el enents
232 that can cool water wthin the head b’ace. As with the preceding

enbodi nents, the densest water will tend to flow towards_the bottom qf the
reser voi rcontgigey ipto the dheadspaca ps tgctemparature) af dhe pavieadcentaserfalls n

t he payl o[gg]ag&)&ﬁ@é ner 220, where heat can be exchanged between the water
within the reservoir and the contents of the payl oad contai ner 220. A

t her nosi phon process becones established that transfers heat away fromthe

payl oadcont ai ner into the, headspace as the tenperature of the payl oad
cont ai nerlnf ¥¢t Birthstaeadodnentsy thene mayt bre sevarab armoat scontpiwess yathipethe

sever al %M%@B (UMY i?&h§t1‘zli‘%'t2£ia)§%b@%afr?&ﬂovi@e% fée&%t%eglfula?. | tems that are to

be carri e kept ‘separ shown 1n en the
refrigeration unit 30, 130 is first turned on (at 0 on the X-axis), the

tenperature in the _payload space 20, 120 (as .shown by f{he trace 40) drops
qui ckly tAs slyoyn i dngunge, (engib g taleigerakion Yk 8 O¢ 430 zﬁzg’u:stmrsnﬁde%éata@ @he

does not ' ] ' that ' ty '

conti nuestﬂf% g@ra gfr'lé?’stk'? qgﬁfﬂe{r %t’élrggri ﬁ%ﬁ%&?{ﬂ(g%ﬁ%ﬁ %\@’slt2 (E))gfgg lsgﬁ‘rgﬂtﬂgﬁr{%gﬁg%é&r in

t he payl ahdpspgaicklPh 41@&whersde teniperuiarry ssdhilibes (hoyon Thasérdperinhe doasunt
of time before starting.to rise rmra,rag}iadly .In the exanple shown in

Fi gure 9,NqtHlropesubsiartllyoROtthstanAing Giat gehigeration ynio3pricAliBEeH Y B ¢ he
payl oad s d! t . I, Rt an
hour 1 at ar R o e Fen BN TP, TR HnDaRLHCHE hEPhyIoRIREAK: BB teh 5
130 i $0 t hésesramly very sofvily fdrer c@tbiderabk appnok ofrihed heford staoting tdreise more

Lomer a e onp 49 SLALTLGAOLI Y pence e Lol astalion nLly 20 130 1
:Egnrr;[agie rfafjlfr%npﬂé rétiiies BetstetherPaload e RAELEY Ble ARNAUGS tHRSIAS vRRIO6E
8°C. Approximately an hour later, the temperature has dropped to 4°C. The
refrigeration unit 30, 130 is then run for a further 34 hours approximately, without
15 the temperature dropping significantly. Once the refrigeration unit 30, 130 is
stopped, roughly 58 hours passes without a substantial rise in temperature. Then
the temperature does start to rise, but over 16 hours passes before the maximum

permissible 8°C is reached.

This performance is substantially beyond that required by the World Health
20 Organisation for vaccine storage, and is ideally suited for use with a power supply
that relies upon energy derived from sunlight. It is significantly more than adequate
to maintain the contents at the required temperature overnight, and, should it be
necessary, through a period of cloudy weather when the supply of electrical power is
limited. It should be noted that this level of performance is reached without any

25 backup source of power such as a rechargeable battery.

The above description assumes that the maximum density of water occurs at 4°C,
which is the case for pure water. The temperature at which the maximum density
occurs can be altered by introduction of impurities into the water. For example, if

salt is added to the water to a concentration of 3.5% (approximately that of sea



perm ssible 80C s reached. This performance is substantially beyond that
required by the Wirld Health Organi sation for vaccine storage, and is

i deal | y swibted/doore2use with a power supply that relies mporcBRaBvgYI2deri ved
fromsunlight. It is significantly nore %han adequate to maintain the
contents at the required tenperature 0\7«13 night, and, should it be
necessary, through_a perjod of cloudy weather when the supply of electrical
pover is Walgr) den the masimympdenssiyQfciirnat nearst 28Ge| Tes cpi begisedrieadiast
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40C, which is the case for pure water. The tenperature at which the nmaxi num

density occurs can be altered by_introductjon of inppurities into the water.
For exanpiwthes sypplerialtezapisee epbpdunepisaf the inveyidbAte showh ipFigurss,10
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i nvention are _shown in Figures 10 to 13. The enbodjnent of Figures 10 and
11 is si faar theoretHgerationuaHL3Qi Fadnhand 4he 2956cia epalm elMmeEntg32e$218 and

12 is sim d ' ; : refrigeration

ani t 30, CpaBted CfRaLEHiANy, MR AR e e E W 3R Ry PR O D
Consequentially, no source of electrical power is required. Instead, in the
enbodi nrent of Figures 10 gnd 11, wat ertight conpartnent 64 is provided.
The conpaififeds g dhe Ment S egUFRsatRs ﬁggeua? el sh ‘F%PP@»”F’%@%%M@

| ocati on FRREGRE ’ ' zﬁﬁpd i

Access t(}ﬁgvfsdggée W t hl%&?ﬁ%ﬁgg a?etlﬁrr%rﬁl&g%eggaenéd% a?‘%@c%%rt rom gﬁggélzlr?i ng

that 16 dbcsésh hytle fiteerer 2dmphSBnemt Hoafotdfahs @adiavegmlaedinkentsr Aezess to a

conpartments 50, .150. The material of. the cogpartnment 64 is chosen have
O e P R A PR M bbb F e R RO AR O R apss it 10 C oL Ry &

contents fort B GAMRAKKAIED {hé4agRd WAL & the freezer compartments 50, 150. The
material of the compartment 64 is chosen to have a high thermal conductivity to
ensure efficient heat transfer between contents of the compartment 64 and water

15 surrounding it.

For use, the compartment 64 is filled with a body of cold material 66, 166. The body
of cold material 66, 166 is at a temperature that is below the intended operating
temperature of the payload space 20, 120. It will typically be well below 0°C. A
temperature of around -18°C can be obtained by placing the body in a conventional
20 food freezer before use, and -30°C or less would emulate the effect of a refrigeration
unit. In a manner similar to transfer of heat from the water to the cooling element
32,132 of preceding embodiments, heat is absorbed by the body of cold material
from the water through the material of the compartment 64. In this way, the payload
space 20, 120 is cooled by dense water cooled to approximately 4°C (or to another

25 temperature at which the water and any of its additives is at its densest).

The body of cold material can be anything with a suitable thermal mass. However,
water ice is particularly suitable because it is readily available and has an
advantageously high latent heat of fusion. The ice may be in the form of standard

0.6 litre ice packs 166 that are used in transport and storage of medical supplies. If



surrounding it. For use, the conpartnent 64 is filled with a body of cold
material 66, 166. The body of cold material 66, 166 is at a tenperature
that i s bEDomtdeeisznt ended operating tenperature of thePpadRat/speree 20,
120. It will typically be well below 00C, A tenperature of around -180C can
be obtained by placing the body in a conventional food freezer before use,
and -30 QC or Iess woul d erul ate the effect of a refrigeration unit. In a
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| ocat ed above the payl oad container 320 subnerged in water wth
headspacelheThentaorerag tehagéa operfing brbugh whidt ds |latertdra1ana]bd> owﬁ:hladefromo be

TR PSR IBEHS oL RGBT

352. In this embodiment, the opening of the container faces upward when the

refrigerator is in use.

15 This embodiment functions in a manner similar to those described above that make
use of a thermal mass. Cold material 366, most typically water ice, is introduced into
the container 364 through the opening. Heat then moves from water in the
headspace to the ice within the container, thereby cooling the water and the contents
of the payload container 320, in accordance with the principles described above.

20 The arrangement of the opening shown in Figure 14 allows the ice to be introduced

quickly and easily into the container.

It is surmised that a refrigerator with a payload space of 60 litres can be maintained
within a required temperature range for between 7 and 30 days, with a requirement

of 100 litres of ice to achieve the upper end of this range.

25 Clearly, in all embodiments of the invention, a central requirement is that the water
be maintained within the refrigerator in a manner that leakage and evaporation is
prevented. This can be quite difficult to achieve for a refrigerator that is likely to be
subject to rough handling and shock as it is transported in rugged vehicles on

poorly-surfaced roads or entirely off-road. Therefore, one system for constructing a



outside of the refrigerator, the opening being closed by a
thermal |l y-i nsul ated cover 352. In this enbodi nent, the opening of the
cont ai nerwpaessoaprar d when the refrigerator is in use. PCHiGB2emSHi2eNt
functions in a manner simlar to those g scri bed above that nmake use of a
thermal mass. Cold material 366, nobst t %ically water ice, is introduced
into the container 364 _through the opening. Heat then noves fromwater in
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with a requirenent of 100 litres of ice to achieve the upper end of this
range. Clearly, in all enbodinents of the invention, a central requirenent
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a outer case will not result in leakage of the liner 80. In the event that the liner does

leak, it can be replaced readily and at little cost.

15



filling pipe 84, and a recess 86 within which the payl oad space is

contai ned. The wei ght of the water causes the material of the liner 80 to
def | ect, WO 2as/@0016¢0nf orm cl osely to the payl oad space, PCH&TB2b10/BNRAr i ng
effective heat transfer between the payigad space and water within the
liner 80. Small deflections of or danage'to the outer case will not result
in | eakage of the liner 80. In the event that the liner does leak, it can
be replaced readily and at little cost.Clainms | . Arefrigerator having: a)
a payl oad container within which itens can be placed for
tenperaturecontroll ed storage; b) a reservoir within which water is

contai ned, the reservoir having a cooling region in thermal conmunication
wi th the payl oad container, the reservoir including a headspace contai ni ng
water that is, in use, higher than the payl oad container; and c) cooling
means that can cool water within the headspace. 2. A refrigerator according
to claimi in which the cooling neans includes a refrigeration unit. 3 - A
refrigeratiwingsccording to claim2 further conprising a power supply that
can act as a source of power for the refrigeration unit. 4. Arefrigerator
according to claim3 in which the power supply includes neans for
converting sunlight into electrical power. 5. A refrigerator according to
claim4 in which the neans for converting sunlight into electrical power
includes a plurality of photovoltaic cells.6. Arefrigerator according to
any one of clains 3 to 5_in which the power supply derives power from an
ext er nal poﬂerAéﬁﬁwﬁ§Nﬂrhmﬂm%frigerator according to claim3 in which the
external power source is nmins voltage.

a) a payload container within which items can be placed for temperature-

controlled storage;

b) a reservoir within which water is contained, the reservoir having a cooling
region in thermal communication with the payload container, the
10 reservoir including a headspace containing water that is, in use, higher

than the payload container; and
¢) cooling means that can cool water within the headspace.

2. A refrigerator according to claim 1 in which the cooling means includes a

refrigeration unit.

15 3. A refrigerator according to claim 2 further comprising a power supply that

can act as a source of power for the refrigeration unit.

4. A refrigerator according to claim 3 in which the power supply includes means

for converting sunlight into electrical power.

5. A refrigerator according to claim 4 in which the means for converting

20 sunlight into electrical power includes a plurality of photovoltaic cells.



8. Arefrigerator according to any one of clains 2 to 7 in which the
refrigeration unit includes an electrically-powered conpressor. 9.

Ar ef ri gersibantizwesedi ng to any one of clainms 2 to 7 in RACEB201051129
refrigeration unit includes a Stirling Tgoler 10. A refrigerator according
toclaim9 in which the Stirling cooler operates in solar direct drive
node. 11. A refrigerator according to any one of clains, 2 to 10 further
conprising & séﬁggag@agoa@s:é@rdlag He Ry pne ﬁéchﬂpﬁﬁttp(ﬁ“ﬂndf’ jcBdhe powes supply
reservoir. 12 r L,m 11 in which the sensor is
operative to Cgégggﬂ%g8§”?®% 5?&§§ﬁ9?g%P%gé§% 'on unit to be interrupted
upon detection of the formation of ice. 13. Arefrigerator according to any
pr ecedi ng cIa|n1|n whi ch t he coollng means, i ncl ydes a thermal mass that,

for use, is 7atAarelEapEIeh ac@IEEISIP SlaiBy gein Vaigieithe exierppl PAWER SQNELIS
space. 14. A rﬁ{rﬁgggﬁﬁgy' according to claim13 in which the thermal mass
is a body of wa Ice®15. Arefrigerator according to claim13 or claim
14 that includes a conpartnent for receiving the thermal nass.16. A
refrlgerator accordln to claim13 or claim14 in which the thernmal nass is
i mersed i n Satded rmrﬁm ackarding e par eneof claamsrs foje pavbichihegiednggyation
claim15 in wh dl 18. Arefrigerator
according to ahgﬁﬁégggglngggkgﬁ%gﬁzbﬁﬂg&%(%ﬁg&%g 'sad space is wthin the
cooling region. 19. Arefrigerator according to claim18 in which the

payl oad space is subnerged w {hin the cooling region, 20.A refrigerator
accordi ng t @ aflye h&eratorcaca‘ ing tp gny pre PGS 3 He7 dpyihichythe refrigeration

unit includes a Stirling cooler.

10. A refrigerator according to claim 9 in which the Stirling cooler operates in

10 solar direct drive mode.

11. A refrigerator according to any one of claims 2 to 10 further comprising a

sensor disposed to detect the formation of ice in the reservoir.

12. A refrigerator according to claim 11 in which the sensor is operative to cause
operation of the refrigeration unit to be interrupted upon detection of the

15 formation of ice.

13. A refrigerator according to any preceding claim in which the cooling means
includes a thermal mass that, for use, is at a temperature below a target

temperature of the payload space.

14. A refrigerator according to claim 13 in which the thermal mass is a body of

20 water ice.

15. A refrigerator according to claim 13 or claim 14 that includes a compartment

for receiving the thermal mass.



region is contained within the payl oad space. 21. Arefrigerator according
to claim 20 in which the cooling region includes one or nore water-carrying
passages wbhavignrwad t hrough the payl oad space. 22. A refcirgasatomnsirecor di ng
to any preceding claimin which the heagzpace is located, in use, directly

above the payl oad container. 23.A refrigerator according to claim22 in

whi ch the payl oad contai ner ipncludes an opening and a closure | ocated on
one side of 1ohA IshysalPrasaOLIIAS Lo Widm 1her elainganaybich; thejthermaal mass is

24. Arefri ger at%gﬁggﬁﬂ&&e}%ﬁgxtﬂgﬁeg%s lcc) ims 1to 21 in which the

headspace is |ocC I n use, one’’si " the payl oad container. 25.A
refrigerator according to claim24 in which the payl oad container includes
an opening and a ¢losure |ocated on top of the payload container when_the
refri ger at orl7i 4 IeHigggator agcoydang {Qelpan 5 I%MBﬁ?}HFhfgth%m@ﬂ H1a%6 2521 Hedickh t he
closure is an insul ated door carried on the reservoir.2.J. Arefrigerator
according to any preceding claimin which a payload space within the

payl oad conti8i Agefrigerhtorcdcosedihfes ol peedsiinng claimdn which thégaylehérspace ishe
reservoir. 28. A refrigerator according to any preceding claimin which the
reservdir is i Wedmmiheicqdingi¢giAise transfer of heat between water within
the reservoir and surroundings of the refrigerator. 29. Arefrigerator
according to any preceding claimthat further includes a freezer

conpar t ment .1934.rafigdrat @ercadbating ¢6 olathinn inowhichi thte 2fyloadvdpaeh ig iebrheeder
conpartment is in,close therma conmunication with the cooling neans. 31. A
refrigerator a&’é@#@?%cqcﬂl@rﬁg}ﬁ@Q or claim30 in which the freezer

20.A refrigerator according to any one of claims 1 to 17 in which the cooling

region is contained within the payload space.

10 21. A refrigerator according to claim 20 in which the cooling region includes one

or more water-carrying passages that extend through the payload space.

22 A refrigerator according to any preceding claim in which the headspace is

located, in use, directly above the payload container.

23. A refrigerator according to claim 22 in which the payload container includes
15 an opening and a closure located on one side of the payload container when

the refrigerator is in use.

24. A refrigerator according to any one of claims 1 to 21 in which the headspace is

located, in use, to one side of the payload container.

25. A refrigerator according to claim 24 in which the payload container includes
20 an opening and a closure located on top of the payload container when the

refrigerator is in use.

26. A refrigerator according to claim 25 in which the closure is an insulated door

carried on the reservoir.



conpartment has an opening that is closed by an insulated door. 32. A
refrigerator according to any one of clains 29 to 31 in which the insul ated
door al sowoOl20se®7téPe payl oad cont ai ner. 33- A refrigerat @cTaR2010dISNRIt O any
precedi ng clai mconprising an outer casg wi thin which is contained a

wat er-containing liner. 34. A refrigerat § according to claim 33 in which
the liner is formed of flexible plastic material. 35 A refrigerator

accor di ng t @7charaligeraer accordineate gnynpiereding daima incybichpa paviasd space

structural strgagth A4 RbntiRM! AL PR thePfal SbMHEERAbN with the

water in the reservoir.

28.A refrigerator according to any preceding claim in which the reservoir is
5 insulated to minimise transfer of heat between water within the reservoir and

surroundings of the refrigerator.

29. A refrigerator according to any preceding claim that further includes a freezer

compartment.

30.A refrigerator according to claim 29 in which the freezer compartment is in

10 close thermal communication with the cooling means.

31. A refrigerator according to claim 29 or claim 30 in which the freezer

compartment has an opening that is closed by an insulated door.

32. A refrigerator according to any one of claims 29 to 31 in which the insulated

door also closes the payload container.

15 33.A refrigerator according to any preceding claim comprising an outer case

within which is contained a water-containing liner.

34.A refrigerator according to claim 33 in which the liner is formed of flexible

plastic material.

35. A refrigerator according to claim 33 or claim 34 in which the outer case

20 provides structural strength and thermal insulation for the refrigerator.



